This study evaluated whether optical frequency domain imaging (OFDI) could identify various coronary calcifications and accurately measure calcification thickness in comparison with histopathology.
Introduction
Progression of coronary artery calcification is associated with an increased risk for future cardiovascular events. 1 However, there are several manifestations of coronary calcification on histological images. Although the presence of dense calcification has been thought to be an indicator of stable atheroma, 2 a previous post-mortem study revealed that plaque ruptures and thin-cap fibroatheromas contain small calcium deposits. 3 Therefore, detection, characterization, and quantification of coronary calcification might improve individual risk stratification. Till date, intravascular ultrasound (IVUS) has been widely used to estimate coronary calcification during percutaneous coronary intervention. 4, 5 However, a major limitation of IVUS in the assessment of coronary calcification is that it cannot penetrate heavily calcified plates. Furthermore, IVUS does not have sufficient resolution to precisely visualize small objects such as microcalcification. In contrast, optical frequency domain imaging (OFDI), a light-based intracoronary imaging modality, has a greater resolution than IVUS, thus having the potential to characterize the details of coronary calcification in vivo. 6, 7 A previous study indicated that the estimation of the area of coronary calcification by this light-based imaging modality was more accurate than that by IVUS. 8 The aim of this study was to evaluate whether OFDI could identify various coronary calcifications and accurately measure calcification thickness in comparison with histopathology.
Methods Specimens
Between May 2013 and April 2014, a total of 902 pathological crosssections from 44 coronary artery specimens of 18 consecutive human cadavers were examined to compare OFDI and histological images. The cause of death was cardiovascular disease in five cadavers and was non-cardiac in the remaining 13. All coronary arteries were dissected at autopsy within 6 h of death. The harvested coronary arteries were stored immediately in phosphate-buffered saline. The time between death and OFDI examination did not exceed 12 h. The experimental protocol and ex vivo study protocol were approved by the Institutional Review Board of Hyogo College of Medicine. Written informed consent was obtained from the patients' relatives in all cases.
Study protocol
The coronary arteries were dissected along with the surrounding fatty tissue for ex vivo imaging using OFDI in 0.9% saline at 378C. The surrounding soft tissue was carefully dissected from each coronary artery specimen. Small arterial perforators and other branches were tied off with sutures to preserve a perfusion pressure of 60 -80 mmHg during the OFDI examination. To clarify the cross-sectional position of the included segment, multiple surgical needles with suture threads were carefully inserted into the coronary arteries before OFDI examination to serve as reference points for comparison between the OFDI and histological images. This method was successfully used in previous comparative studies that compared histological and IVUS images. 9, 10 After placing the sutures, a 0.014-inch guide wire was introduced into the coronary artery followed by the OFDI catheter (Terumo Corporation, Tokyo, Japan) in 0.9% saline at 378 and pulled back at 20 mm/s by activating an auto-pullback device. Acquired images were stored on the system hard drive for later offline analysis.
Comparison of findings by histology with those on OFDI
Each coronary arterial section was examined by both OFDI and histology, and the findings were compared. Forty-eight hours after fixation with 10% buffered formalin, ring-like arterial specimens obtained at the same level as the imaging study were decalcified for 5 h, embedded in paraffin, and cut every 2 -3 mm into 4-mm transverse sections perpendicular to the longitudinal axis of the artery. They were stained with haematoxylin -eosin, elastica van Gieson, and Masson's trichrome. The tissues were also stained by Von Kossa to detect calcification. Cross-sectional images from sites containing sutures and from those within 1 mm of the sutures were obtained to ensure that the same site was analysed by both OFDI and histology and were compared. 9, 10 Adjustments of OFDI and histological images were made using the sutures and luminal configuration or anatomical landmarks such as vessel branches to improve the accuracy of registration.
Calcium analysis
The calcification area was measured for each histological cross-section using an image analysis computer program (NIH Image 1.62). Sections were magnified (×100), and a field containing calcification was selected for analysis. The percentage area of the plaque occupied by calcification was calculated for each cross-section. A cross-section, which contained a field with a percentage calcification area .5%, was analysed in this study. For correlation with histology, the dominant calcification type in each cross-section was based on the evaluation by a single pathologist (H.H.) who was blinded to the OFDI results. Coronary calcification was classified into four different types ( Figure 1 ): (i) superficial dense calcified plates, in which a leading edge of the calcified plate existed within half of the superficial intima side; (ii) deep intimal calcifications, which were located within half of the adventitial side; (iii) scattered microcalcification, defined as small purple dots accumulating within the intima; and (iv) calcified nodule, defined as calcification that protruded into the lumen with accumulated fibrin.
OFDI analysis
Histological cross-sections were reviewed for superficial dense calcified plates, deep intimal calcifications, scattered microcalcification, and calcified nodule, and the appearance of these features on OFDI was descriptively characterized. During OFDI image analysis, calcification was defined as well-delineated, signal-poor regions with sharp borders.
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The thickness of calcification was measured only when the trailing edges of calcification were visible on OFDI. The thickness was measured at the thickest part of calcification.
Statistical analysis
Comparison of the thickness of calcification on both histological and OFDI images was performed using Pearson product-moment correlation coefficient. Receiver operating characteristic (ROC) curves were used to identify the prediction of measurable calcification. A P-value of ,0.05 was considered statistically significant.
Results
Frequency of various type of calcification on histological cross-sections Figure 2F ). Scattered microcalcification appeared as homogeneous low-intensity areas with indiscriminant borders similar to thin-cap fibroatheroma ( Figure 2I ). Calcified nodule, a high-backscattering protruding mass with an irregular surface, also appeared as a low-intensity area with a diffuse border on OFDI, similar to red thrombus ( Figure 2L ). Neovascularization within calcified nodule was invisible on OFDI in all cases.
Comparison of the thickness of superficial dense calcified plates evaluated on OFDI and using histological analysis
Both the leading and trailing edges of calcification were clearly identified in 55% of all superficial dense calcified plates. There was a good correlation of the maximum thickness of calcification between the OFDI and histological images (r 2 ¼ 0.974, P , 0.001) ( Figure 3A) .
The ROC analysis identified calcium thicknesses ,893 mm as cut points for the prediction of measurable calcification (72% sensitivity and 91% specificity, area under the curve ¼ 0.893, P , 0.001) ( Figure 3B ). The other factor associated with an obscure trailing edge of calcification was the existence of incomplete calcified lipids and/or a necrotic core (Figure 4 ).
Discussion
The main findings of the present study were as follows. There are several patterns of coronary arterial calcification in histopathological specimens, and the OFDI findings of each type of calcification are different. On OFDI, superficial dense calcified plates, most frequently observed in histopathological specimens, were characterized as a signal-poor region with a sharply delineated border. On the other hand, superficial scattered microcalcification demonstrated a signalpoor region with a diffusely delineated border similar to OFDI images of thin-cap fibroatheroma. All deep intimal calcifications could not be identified on OFDI due to co-existing necrotic core. The OFDI image of calcified nodule was similar to that of red thrombus, showing a high-backscattering protruding mass with signal attenuation and an irregular surface. To the best of our knowledge, this is the first report demonstrating the histopathological validation of various types of coronary calcification on OFDI. Previous studies reported that cardiovascular calcification is an inflammatory disease. Macrophages elaborate pro-osteogenic cytokines that stimulate vascular smooth muscle cells to release calcifying matrix vesicles. Matrix vesicles may serve as a nidus for mineral nucleation and are thus related to the generation of microcalcifications and their propagation. 12 Therefore, microcalcifications occur in the presence of inflammation, and the combination of inflammation and microcalcification produces spotty calcified plates, described as spotty calcification, in the early stage of arterial calcification. Further progression of calcification results in calcified plaques, forming dense calcified sheets or plates. Coronary artery calcification is an important manifestation of atherosclerosis. The presence of calcified plaques was previously thought to be merely an indicator of stable and quiescent atheroma. 2 However, coronary microcalcification can be identified in both the early and advanced stages of atherosclerosis. 12 Recent IVUS studies reported that spotty calcification is more frequently observed in the culprit lesions of patients with acute coronary syndrome. 13, 14 Similarly, a previous post-mortem study revealed that plaque ruptures and thin-cap fibroatheromas contain small calcium deposits. 3 Therefore, detection, characterization, and quantification of coronary calcification might improve individual risk stratification. Traditionally, the amount of coronary artery calcium, as observed on computed tomography (CT), was expressed as the calcium score (CS), 15 and CS has been found to improve cardiovascular risk stratification beyond cardiovascular risk factors. 16 However, the detection of small calcifications such as scattered microcalcifications is not yet feasible, because CT has a limited axial resolution of only 350 mm. IVUS is also a useful imaging modality to evaluate the extent and degree of coronary calcification in vivo. In a previous IVUS study, spotty calcification, defined as small calcium deposits within an arc of ,908, was . observed more frequently in culprit lesions in patients with acute coronary syndrome compared with those with stable angina. 13 Furthermore, another study reported that 97% of patients with ruptured plaques had spotty calcification somewhere within the length of the lesion.
14 A major limitation of IVUS in the quantification of coronary calcification is that it can only identify the leading edge of a calcification deposit, not its thickness. OFDI is a light-based intracoronary imaging modality, and because of its greater resolution than IVUS, it can be used to visualize microscopic structures of the coronary artery, thus having the potential to characterize coronary calcification in vivo. 6, 7 In the analysis of the OFDI/optical coherence tomography (OCT) images, coronary calcification appears as welldelineated, signal-poor regions with sharp borders. 11 A recent OCT study revealed that the measurement of the calcification area was more accurate on OCT than on IVUS. 8 OFDI measures the intensity of light returning from within a tissue. Tissues with a higher heterogeneity in the optical index of refraction exhibit stronger optical scattering and therefore a stronger OFDI signal. If the characteristic size of the index of refraction is larger than the wavelength of near-infrared light, the OFDI signal will have a larger variance. Therefore, fibrotic plaques, which consist of bundles of collagen fibers, smooth muscle cells, and proteoglycan, appear as a high-signal-intensity tissue. In contrast, OFDI depicts dense calcified plates as low-signal-intensity areas with sharply delineated borders. Because the dimension of the individual particles of calcium hydroxyapatite is smaller than the wavelength of nearinfrared light, there is little reflected light returning from these tissues. As a result, OFDI images of dense calcified plates show weaker optical scattering and therefore a lower OFDI signal intensity. Furthermore, OFDI can penetrate calcified structures, 17 because nearinfrared light is less strongly reflected from calcified tissues. In the current study, OFDI provided an accurate presentation of the thickness of superficial dense calcified plates compared with the histological measurement, if the thickness was ,893 mm with the co-existence of lipid components adjacent to calcified plates as the only exception. In contrast, scattered microcalcification appeared as a low-signal-intensity tissue with diffusely delineated borders. OFDI light signal attenuation caused by multiple scattering may be a reason why scattered microcalcification on OFDI appeared as low-signal-intensity regions with diffuse borders. Similarly, scattered lipid-filled foam cells, primarily of macrophage origin, was also depicted as a low-signal-intensity tissue with diffusely delineated borders on OCT/OFDI. 18 Because the strong OCT/OFDI light signal attenuation due to multiple scattering creates low-signal-intensity image for both scatted microcalcification and lipid-filled foam cells, it is often difficult to distinguish these two types of components from OFDI findings alone. Moreover, other lipidic tissues such as the thin-cap fibroatheroma are appeared as low-signal-intensity regions with diffuse borders because of multiple scattering in lipids. This may be one of the reasons why TCFA images are overestimated in the clinical situation. Therefore, careful interpretation is required to identify scattered microcalcification on OFDI; longitudinal imaging in the absence of the necrotic core proximal and distal to the lesion may be helpful. Because all deep intimal calcifications in this study existed at the edge and/or the base of the necrotic core, they could not be identified on OFDI due to the strong attenuation of light by lipid. In the current study, calcified nodule, a highbackscattering protruding mass with an irregular surface, also appeared as a low intensity area with a diffuse border on OFDI. Calcified nodule often contains fibrin in between the bony spicules along with osteoblasts, osteoclasts, and inflammatory cells. 19 Calcified nodule might be related to intraplaque hemorrhage. 20 Our recent report also revealed fibrin meshwork within the nodule and neovascularization within myxomatous matrix in calcified nodule. 21 The reason why the OFDI image of calcified nodule was similar to that of red thrombus may be because the light signal is strongly attenuated by haemoglobin due to light absorption at wavelengths around 1000 nm. Because calcified nodule has the potential to develop into coronary thrombosis, 22 it is clinically important to distinguish between calcified nodule and non-calcified nodule. The current study clearly demonstrated morphological features of the different presentations of coronary calcification using OFDI.
Limitations
The present study has several limitations. First, the present study was performed using a limited number of samples. The histologic prevalence of calcified nodule was therefore low (2%). Second, a positional discrepancy in the evaluated cross-sections between OFDI and histological images may have influenced the results, although we took care to achieve optimal comparison between OFDI and histological images. Third, the OFDI images of coronary arteries were obtained from cadavers in the absence of cardiac motion. Cardiac motion artifacts may influence the images obtained in vivo. Forth, since histology was used as a marker to identify which lesions to examine by OFDI, all cross-sections imaged by OFDI were not analysed. Therefore, the sensitivity and specificity for OFDI for detecting calcified lesions could not be calculated. Fifth, although no direct clinical implications could be derived from the present results, if our data are confirmed, it may spur further investigations into the role of coronary calcification in risk stratification and potential targeted therapeutic interventions. Finally, the intensity of light reflections could vary with distance from the catheter.
Conclusion
Our study demonstrated the potential capability of OFDI to characterize various types of coronary calcifications, which may contribute to the understanding of the pathogenesis of coronary atherosclerosis.
